In our previous communication we reviewed and confirmed previous reports that halothane depressed the contractility of the isolated cardiac muscle and the myocardium of the intact heart, and also showed that the reduction of stroke volume and cardiac output associated with this agent reflected the failure of the depressed myocardium to eject blood against an unaltered or raised systemic vascular resistance (Prys-Roberts et al., 1972) . Much emphasis has been placed in the past on the role of depression of sympathetic nervous mechanisms in both the development and maintenance of impaired left ventricular function during halothane anaesthesia. Raventos (1956) initially ascribed the hypotension associated with halothane anaesthesia to blockade of the stellate ganglia but, although others have confirmed the interruption of impulse traffic through these and other ganglia by many anaesthetic agents Millar and Biscoe, 1966; Li, Gamble and Etsten, 1968) , Price and Price (1966) have emphasized that such action differs in character from that produced by conventional ganglion blocking drugs which interfere with cholinergic transmission.
It has also been demonstrated that halothane and other anaesthetic agents interfere with the central neuro-integrative mechanisms and the efferent sympathetic pathways involved in the barostatic regulation of the cardiovascular system (Price, Linde and Morse, 1963; Price, Price and Morse, 1965; Ngai and Bolme, 1966; Epstein, Wang and Bartelstone, 1968; Wang et al., 1968) . Nevertheless, it has been difficult to determine to what extent the observed impairment of central and efferent sympathetic mechanisms contributes to the effects of halothane and other agents on the myocardium. By examining the responses of the intact canine heart to stimulation of the cardiac sympathetic nerves, infusion of a beta-adrenergic receptor stimulator (isoprenaline), and infusions of calcium gluconate, we have shown that whereas chronotropic responses are unaltered by halothane administration, inotropic responses are markedly depressed.
METHOBS
These studies were performed on seven mongrel dogs weighing between 12 and 24 kg. The general preparation of the animals, and details of the measurements, have already been described in our previous communication (Prys-Roberts et al., 1972) . Electrical stimulation of the right and left ansae subclaviae was performed by suspending the nerves in shielded bipolar silver electrodes which were surrounded by warmed paraffin. Nerve stimulation was achieved with 4 msec square wave pulses of 10 V at various stimulation frequencies from 0.5 Hz to 10 Hz, delivered from a Palmer stimulator. In order to ensure consistency of contact between electrode and nerve and the conduction characteristics of the nerve, the current delivered to the nerve was monitored across a fixed resistance, and the voltage pulses displayed on a storage oscilloscope (Tektronix 549) during the period of stimulation.
Procedure.
For one hour after the completion of the surgical preparation the animals were allowed to settle into a steady cardiovascular state, and their acid-base state was assessed and corrected if necessary to 996 BRITISH JOURNAL OF ANAESTHESIA maintain a pH of about 7.40 and a Pa<x>j of about 40 nrm Hg. Control measurements were made under chloralose/urethane narcosis, firstly at the animals' spontaneous heart rate, and secondly during atrial pacing at the fastest heart rate which was possible to induce without causing pulsus alternans, usually at a rate of between 170 and 180 beats/min. Measurements of aortic flow and pressure, together with left ventricular pressure, enabled us to derive indices of myocardial contractility (max LV (dP/dt)/IP; max aortic acceleration) and measures of left ventricular end-diastolic pressure (LVEDP) and of stroke volume. Ventilation was arrested for periods between 15 and 20 sec during recording.
The right ansa subclavia was stimulated at frequencies of 1, 2, 5 and 10 Hz, each frequency being maintained for between 45 and 60 sec in the unpaced animal. At each stimulation frequency the effects became apparent within 5 sec of the onset of stimulation, and records were taken for a period of 15 sec during the maximum response which occurred between 25 and 40 sec after the onset. After stopping stimulation, a period of 5 min was allowed for the effects to subside and for the measured variables to return to baseline. At the end of this period a further set of records was taken as a baseline for the subsequent stimulation responses.
The responses to stimulation of the left ansa subclavia were observed at a constant heart rate of 170-180 beats/min in order to assess the direct inotropic effect due to nerve stimulation separate from the inotropic effect associated with an increase in heart rate (Bowditch, 1871; Mizeres, 1958) . Recordings were consistently obtained at stimulation frequencies of 1, 2 and 5 Hz in every animal, but at 10 Hz heart rate frequently exceeded the pacing rate, and extrasystoles or bigeminy were frequently observed. In one animal the effects of stimulating the left ansa subclavia were compared with and without atrial pacing.
Following recovery from the control sets of sympathetic nerve stimulations, the inotropic and chronotropic effects of a fixed dose of isoprenaline (5 or 10 fig) were observed in the unpaced animal. Records were obtained during a period of arrested ventilation at the maximum response which was assessed from the cardiotachometer reading. Ten min recovery was usually sufficient to allow variables to return to baseline.
The inotropic effects of a fixed intravenous dose of calcium gluconate (1 g as a 10% solution) were observed at a constant heart rate of between 170-180 beats/min. A further recovery period of 10-15 min usually sufficed to allow the measured variables to return to baseline.
When the above protocol had been completed, 1.0% halothane was added to the inspired gas mixture from a calibrated vaporizer (Drager Vapor), and the animals were ventilated with this mixture for a period of not less than 30 min, the achievement of a new steady-state being judged by unchanging values of max dP/dt, aortic flow and aortic pressure. Baseline measurements were obtained at this stage of the animals' spontaneous heart rate and at the same constant paced heart rate as used earlier. The sequences of stimulation of the right and left ansae subclaviae, and the infusions of isoprenaline and calcium gluconate were repeated during halothane administration using the same stimulus parameters as before.
Halothane was discontinued after the completion of this protocol, and ventilation was maintained with oxygen enriched air (Fi O:! = 0.4) until all measured circulatory variables had returned to within 5% of the baseline values obtained before halothane administration. The sequences of nerve stimulation and drug infusions were then repeated again. In order to be certain that no deterioration in the nerve preparations had occurred during the period of the study (approximately 2-2.5 hr), we have not included the results from those animals where the post-halothane values during stimulation differed significantly from those during the pre-halothane period.
RESULTS
The response to stimulation of the right ansa subclavia (RAS) . Successful experiments were obtained in 7 of 9 dogs, but values for left ventricular end-diastolic pressure (LVEDP) and aortic flow were not obtained on all occasions at the higher heart rates because stimulation signal artefacts obscured the traces. The results are summarized in table I, and are graphically represented in figure 1. During chloralose/urethane narcosis, each incremental increase in stimulus frequency produced significant increases of heart rate, max (dP/dt) and max (dP/dt)/IP, aortic pressures and aortic flow, whereas LVEDP fell.
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systemic vascular resistance (calculated as impedance at zero frequency). The mean values of max (dP/dt) and max (dP/dt)/IP at each increment of stimulus frequency were significantly lower than the corresponding values during the pre-halothane period. In contrast, the increase in heart rate produced by each increment of stimulus frequency was similar to that in the control state, and the maximum heart rate during stimulation at 10 Hz was often identical, and occasionally higher than that achieved during the pre-halothane period.
Responses to stimulation of the left ansa subclavia (LAS).
The results of seven experiments in six dogs maintained at a constant heart rate are shown in table II, and some of the changes are graphically shown in figures 2 and 3. During chloralose/ urethane narcosis, each increment of stimulus frequency (1, 2 and 5 Hz, and occasionally at 10 Hz) produced a significant increase of aortic pressures and flow, stroke volume, max (dP/dt) and max (dP/dt)/IP and of aortic acceleration, a reduction of LVEDP, but no significant change of SVR. The increase in each of these variables (relative to the same baseline values) was significantly greater than the changes in response to the same stimulus frequencies applied to the RAS, whereas in one series of comparisons in the unpaced animal the change in heart rate in response to LAS stimulation was markedly less than the response to the same stimulus frequencies applied to the RAS (fig. 4) .
During halothane administration, the values of aortic pressures and flow, stroke volume, max (dP/dt) and max (dP/dt)/IP were significantly lower than those obtained at the same stimulus parameters in the pre-halothane period. The maximum values of max dP/dt and max (dP/dt)/IP during stimulation at 5 Hz were only 44% and 64% respectively of the maximum values obtained in the control state.
Responses to infusion of isoprenaline.
The results of eleven experiments in eight dogs are summarized in table m, and the changes of heart rate, max dP/dt, and max (dP/dt)/IP are graphically shown in figure 5 . During chloralose/ urethane narcosis, the maximum chronotropic responses to isoprenaline infusion were similar to those obtained by RAS stimulation, whereas the maximum inotropic response to isoprenaline resembled that found during LAS stimulation. During halothane administration the chronotropic response to isoprenaline infusion was not significantly different from that in the pre-halothane period, whereas the inotropic response characterized by max (dP/dt) and max (dP/dt)/IP was markedly depressed, to a degree comparable with that found for the inotropic response to LAS stimulation.
Responses to infusion of calcium gluconate.
During chloralose/urethane narcosis, calcium gluconate produced a significant inotropic response in seven dogs maintained at a constant heart rate of 170 beats/min (table IV) . During halothane administration this inotropic response was significantly reduced as evidenced by the changes of max dP/dt and of max (dP/dt)/IP ( fig. 6 ), and the rise in LVEDP compared with a reduction in the prehalothane period. The inotropic effect of this dose of calcium was approximately half that produced by the dose of isoprenaline used in each animal; but the depressed response during halothane administration was also in the same proportion.
DISCUSSION
We may summarize the results of this study by stating that halothane does not modify the chronotropic response of the heart to stimulation of the sympathetic nerves or the beta-adrenergic receptors; whereas the inotropic responses to nerve stimulation, receptor stimulation, and direct myocardial stimulation were all significantly and very markedly depressed. The inotropic stimuli we have used have been used by previous authors for various purposes and have been well documented.
Stimulation of sympathetic nerves.
It has been clearly demonstrated that stimulation of the right ansa subclavia has markedly different effects to those obtained by stimulating the left ansa subclavia, since the distribution of the cardioaccelerator and augmentor fibres are not the same on both sides. In this respect our observations during the control periods confirm the findings of Randall and Rhose (1956) ; Mizeres (1958) ; Randall and McNally (1960) ; Randall, and associates (1968); Furnival, Linden and Snow (1968); and Linden and Norman (1969) .
The chronotropic response to stimulation of the right ansa subclavia during halothane administration was usually maintained or occasionally enhanced, confirming to some extent the findings of Price and Price (1966) , and Price and associates (1968) . Price and Price (1966) did not specify on which side they stimulated the cardiac sympathetic nerves, but in the later study Price and his colleagues only studied the chronotropic response to stimulation of the left cardiac accelerator nerve. Li, Gamble and Etsten (1968) were unable to detect any increase in heart rate or stimulation of the left ansa subclavia; but since they maintained the tetanic stimulation for a period of only 10 sec, it is hardly surprising that little change occurred within this time period. However, their measurements of ventricular contractile force would also not have •c/xr/x: reached maximal levels following such a short period of stimulation, and it is therefore difficult to interpret their findings. Price and Price (1966) , using a Brodie-Walton strain gauge arch sutured to the right ventricular wall, also measured ventricular contractile force as an index of inotropic changes in response to post-ganglionic sympathetic nerve stimulation during halothane anaesthesia. Halothane reduced the increment of contractile force during stimulation by comparison with the response noted during stimulation in the control state. Since they did not specify whether the right or left ansae had been stimulated, and since marked changes in both heart rate and aortic pressure accompanied the increase in contractile force, it is difficult to assess from their data the quantitative effects of halothane on myocardial contractility. During this study changes in stroke volume during left ansa subclavia stimulation were greater for any given frequency of stimulation during halothane anaesthesia at a constant heart rate, thus extending and confirming the findings of Noble, Trenchard and Guz (1966) , that myocardial stimulation increased stroke volume only in the "depressed" heart of the anaesthetized dog, but not in the conscious animal Henderson and Barringer (1913) had similarly observed that the "augmentor" action of the sympathetic nerves was only pronounced when the heart was beating "with considerably diminished vigor and arterial pressure was low".
EFFECTS OF HALOTHANE ON INTERACTIONS-III
Sympathetic nerve stimulation causes the release of the neurotransmitter noradrenaline at the nonmyelinated terminations of postganglionic sympathetic neurones. This diffuses to die effector cell, there reacting with a specific part of the surface of the effector cell (Moran, 1963) . The effector cells of the myocardium respond only to beta-adrenergic agents (Marshall and Shepherd, 1968) ; and the effect of noradrenaline at these beta-receptors is to augment both heart rate and the contractility of the myocardial fibres. The former is achieved by increasing the discharge rate of the sino-atrial pacemaker cells (Marshall and Shepherd, 1968) . The finding in the present study of an intact and undepressed chronotropic response to sympathetic nerve stimulation affords strong evidence that postganglionic neuronal transmission, the release of neurotransmitter, and the activity of the beta-adrenergic receptors remain unaffected by halothane anaesthesia. This further suggests that the altered inotropic responses are due to an effect of halothane at a site distal to the betareceptors. Further corroborative evidence that halothane does not impair postganglionic nerve transmission was provided by Price and his colleagues (1968) in that halothane anaesthesia did not alter the concentration of noradrenaline in coronary sinus blood during postganglionic nerve stimulation, and that neither the rate of liberation nor of the re-uptake of noradrenaline at the adrenergic nerve endings was altered.
Isoprenalirw.
Isoprenaline is a potent myocardial stimulator, producing both chronotropic and inotropic effects, both of which can virtually be abolished by the use of beta-receptor anatagonists (Moran, 1963; Shanks, 1966; Fumival, Linden and Snow, 1968) . The administration of halothane to our dogs significantly reduced the inotropic effects of isoprenaline without affecting the chronotropic response, thus providing further evidence that beta-adrenergic receptor activation is unimpaired by halothane anaesthesia. Price and associates (1970) have recently provided evidence that halothane may have a direct betaadrenergic receptor stimulating effect when administered over long periods of time. Although Lands and Brown (1964) suggested the existence of two different types of receptor subversing heart rate and contractile force in the heart, we feel that our evidence can only be interpreted as showing that halothane does not impair transmission and activation of receptors for heart rate, though it is unlikely that the receptor areas of myocardial cells are in any way different.
Calcium.
The importance of calcium ions to cardiac contraction has been known since the experiments of Ringer (1883 Ringer ( ), dark (1911 and Ransom (1917) , but the precise mode of action of calcium is still not clear. There is strong evidence that the state of relaxation, and the strength of contraction in cardiac muscle at any particular instant, reflects the concentration of ionized calcium in the cardiac myoplasm (Nayler, 1967) . Movement of ionized calcium into the mitochondria of myocardial cells has been implicated in the link between membrane deplorization and the excitation-contraction coupling (Haugaard et aL, 1969) ; and its removal by the sarcoplasmic reticulum is essential to the process of relaxation (Nayler, 1967; Thorp and Cobbin, 1967) . The inotropic effects of cardiac glycosides, catecholamines and nicotine on the heart, largely reflect their ability to increase the availability of myoplasmic 1004 BRITISH JOURNAL OF ANAESTHESIA calcium (Nayler, 1963 (Nayler, , 1967 Govier and Holland, 1965) .
In the present study, administration of calcium gluconate reversed the depression of myocardial contractility produced by halothane; but the maximum response to calcium infusion during halothane administration fell far short of the effect produced in the control state. Lain and associates (1968) suggested that halothane depressed myocardial contractility by reducing the ability of the sarcoplasmic reticulum to take up calcium; though they did not exclude other mechanisms unconnected with calcium efflux. More recent studies by Merin (1970) and by Paradise and Ko (1970) have suggested that disturbance of glucose utilization may be responsible for the decrease in myocardial contractility, but since carbohydrate substrate utilization is necessary to provide the energy for calcium efflux, the two mechanisms are mutually dependent There is considerable evidence that inhibition of mitochrondrial calcium uptake occurs with many anaesthetic agents; and that with halothane, this inhibition is rapid in onset and reversal (Miller and Hunter, 1970; Harris et al., 1971) , and that this inhibition is related to electron transfer within the NADH-dehydrogenase system of glucose metabolism.
Taking on the one hand the unimpaired chronotropic responses to both right and left ansa subclavia stimulation, and to isoprenaline infusion, and on the other hand the marked depression of inotropic responses to nerve stimulation, isoprenaline and calcium, it is clear that the final common path in the excitation of the muscle fibre does not involve the sympathetic nerve endings, neurotransmitter or the beta-adrenergic receptors. Thus even during halothane anaesthesia, the sino-atrial pacemaker cells are quite capable of responding to increased sympathetic nerve activity; and the lack of such increase in heart rate in response to reduced arterial pressure during halothane anaesthesia, reflects the failure of barostatic mechanisms rather than a failure of the heart to respond to a chronotropic stimulus (Bristow et al., 1969) . However, in the presence of direct depression of myocardial contractility by halothane, the lack of both a stimulus to engender a chronotropic response, and the insensitivity of the myocardium to the inotropic effects of such a stimulus, suggests that the predominant haemodynamic effect of halothane is direct depression of myocardial contractility. We may surmise that whatever other effects this agent may have on the peripheral and central integrative pathways involved in the barostatic and chemostatic reflexes, the failure of these mechanisms helps to maintain the cardiovascular depression rather than to cause it.
